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Abstract. The "tubule recruitment model" for the de-

velopment of the holothurian gonad was proposed (a) to

connect the stages of oogenesis with ovarian morphology
in holothurians throughout the reproductive season and

(b) to emphasize the potential for the holothurian ovary

as a model system for cytological and biochemical study

of echinoderm oogenesis. To reassess the evidence for

this model, we have examined published accounts and

unpublished observations on gonad development in ho-

lothurians from both temperate and tropical habitats, in

shallow water and in the deep sea. A very limited number

of species were found to conform to the predictions of

the tubule recruitment model. The patterns of gonad de-

velopment vary substantially in holothurians, even at the

individual level, and with taxonomic position, geograph-

ical location, and habitat. The tubule recruitment model

can be applied to only a small subset of holothurians.

specifically those in the families Stichopodidae and Ho-

lothuriidae that have gonad morphology similar to that

of Parastichopus californicus. However, the tubule re-

cruitment model is invalid for many other aspidochi-

rotes, and does not have wider applicability within the

class Holothuroidea.

Introduction

Fundamental concepts of reproduction can often be

addressed and tested most easily in marine invertebrates,

where the diversity of reproductive modes is greater than

among terrestrial animals (Giese el al.. 1987). Compara-
tive studies within the marine invertebrates can be used
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to recognize unifying patterns of reproduction and to as-

sist in the development of robust theory (Giese et ai,

1987). An example is the "tubule recruitment model"

proposed by Smiley (1988) to describe gonad develop-

ment in the class Holothuroidea (phylum Echino-

dermata). This conceptual model, based on a careful and

impressive study of ovarian development in the as-

pidochirote sea cucumber Parastichopus californicus.

was proposed to connect the stages of oogenesis with the

ovarian morphology of holothurians throughout the re-

productive season (Smiley, 1988, 1994; Smiley et al.,

1991), and to accentuate the usefulness of the holothu-

rian ovary as a model system for cytological and bio-

chemical study of echinoderm oogenesis (Smiley, 1988,

1990, 1994; Smiley et al.. 1991).

Since the tubule recruitment model was first published,

several studies have documented apparent exceptions to

the model. Moreover, our own work with a variety of ho-

lothurians from throughout the world, and from depths

ranging from the intertidal zone to the deep sea, casts addi-

tional doubt on the broad applicability of the model. Here

we reexamine both the published literature and our own

unpublished data to test the applicability of the tubule re-

cruitment model to the class Holothuroidea in general, and

particularly to the aspidochirote holothurians.

Background

Holothurians differ from other extant echinoderms in

having a single gonad located dorsally in interambula-

crum CD (Hyman, 1955). The gonad consists of many
blind-ending tubules that are united at the anterior end

in a fleshy, saddle-shaped gonad basis in the dorsal sus-

pensor mesentery of the gut. The gonoduct exits anterio-
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dorsally from the gonad basis and leads to single or

multiple external gonopores located between or near the

tentacles in interradius CD.
In contrast to the highly con

-

vative gonad morphol-

ogy found in other echn . lasses, there is consider-

able variability among t onads of different holothuri-

ans (Hyman. 195" ..ugh most species are gono-

choric, three of six holothurian orders have

hermaphroditic representatives (Smiley el a/., 1991). It

is overall gonad morphology, however, that exhibits the

most extreme degree of variability. The tubules attached

to the gonad basis vary in shape (e.g.. tubules, nodules,

globose sacs), length, degree of branching, and thick-

ness even between species in the same family (e.g.. the

Stichopodidae: Conand, 1993a fig. 2). For illustrations

of tubule variability, see the following figures: figs. 64,

67, 68, 72-76 (Hyman, 1955); figs. 4, 6 (Conand, 1981);

fig. 1 (Tyler and Gage, 1983); fig. 1 (Tyler et al.. 1985b);

fig. 1 (Tyler and Billett, 1987); fig. 2 (Tyler et al.. 1992);

fig. 2 (Conand, 1993a); fig. 6 (Conand, 1993b);fig. 1 (Ha-

mel eld., 1993); fig. 3 (Sewell, 1994).

In holothurians with an annual cycle, the reproductive

season can generally be divided into five "stages of matu-

rity" as first described for Stichopus japonicus by Tanaka

(1958). After spawning, the spent tubules are usually re-

sorbed and the gonads are defined as being in a post-spawn-

ing, or resting, stage (Stage I). The later stages of gonad ma-

turity are defined based on the stage of development of ga-

metes within the gonad tubules (Recovery, Growth,

Mature, Shedding; Stages II to V). There is not an equal

division of time in each maturity stage; in some species a

considerable portion of the reproductive cycle may be

spent in the resting stage, with little or no gonad material

present. Observations of the presence, size, and appearance

of tubules in the resting-stage gonad are crucial for assess-

ment of the tubule recruitment model in holothurians.

The Tubule Recruitment Model

Overview

The tubule recruitment model of gonad development
was based on histological and ultrastructural observa-

tions of oogenesis in Parastichopus californicus (as Sti-

chopus californicus ). These observations are described in

Smiley and Cloney (1985); Smiley (1988, 1990, 1994);

and Smiley el al. ( 1991 ). In P. californicus the ovarian

tubules are present as three distinct cohorts on the gonad
basis: the smallest or primary tubules most anterior; in-

termediate-sized secondary tubules in a medial position;

and the largest fecund tubules at the posterior end (Fig.

1 ). Central to the model is the progressive recruitment of

primary tubules, which originate in the anterior gonad
basis in Year N, to become the secondary tubules of Year

N+ 1 and the fecund tubules of Year N+2 (Fig. 2).

In simple terms, the entire process of ovary develop-

ment and oogenesis in Parastichopus californicus can be

viewed as a slowly moving conveyor belt carrying con-

tainers of maturing oocytes to the posterior end of the

gonad basis (Fig. 2). After spawning, the spent fecund

tubules are resorbed until only a pigmented plaque re-

mains on the posterior of the gonad basis. Some of the

nutrients obtained from phagocytosis of the spent tu-

bules are transferred to the primary and secondary tu-

bules, where they may provide energy for gamete prolif-

eration and vitellogenesis respectively. For a more com-

plete description of the processes that occur within each

tubule cohort, see the detailed discussions of the model
in Smiley and Cloney (1985); Smiley ( 1988, 1990); Smi-

ley et al. ( 1991 ); and Smiley (1994).

A number of assumptions were made in the formula-

tion of the tubule recruitment model: ( 1 ) that other ho-

lothurians would, like Parastichopus californicus, have a

gonad consisting of distinct tubule cohorts; (2) that re-

sorption of the spent tubules, as suggested by Hyman
( 1955). is a general feature of holothurian reproduction;

(3) that only the recently fecund tubules are completely

resorbed, and (4) that more than one year is required to

produce mature oocytes.

Support for the tubule recruitment model (Smiley,

1988) was drawn from descriptions of gonad morphol-

ogy in the aspidochirotes Stichopus japonicus (Mitsu-

kuri. 1903), Holothuriaparvula(KMe, 1942), Neosticfio-

pus grammalus (Deichmann, 1948), and the dendrochi-

rote Sclerodactyla (Thvone) briareits ( Kille. 1939). The

presence of several size classes of tubules on the gonad
basis in the aspidochirote Mcsothuria intcstinalis (Theel,

1901), the dendrochirote Cucuinana laevigata (Acker-

mann. 1902), and other unspecified species (Delage and

Herouard, 1903; Deichmann, 1930, 1948) were used in

a subsequent review to provide support for the proposed
model (Smiley et al.. 1991 ). Gonad index studies on the

aspidochirotes Stichopus japonicus (Tanaka, 1958),

Thelenota ananas and Holothwia nohilis (Conand,

1981) were also considered to provide data consistent

with the tubule recruitment described in Parastichopus

californicus (Smiley, 1988).

Evidence for the tubule recruitment model was lim-

ited to holothurians of the orders Aspidochirotida and

Dendrochirotida. Comparative information on oogen-
esis in other holothurian orders was considered too lim-

ited to assess the model's general applicability (Smiley.

1988). However, in subsequent reviews it was suggested

that the model had broad-scale applicability to ovarian

development throughout the class Holothuroidea (Smi-

ley. 1990; Smiley el al.. 1991; Smiley, 1994). Several

groups of holothurians were considered to be problem-
atic to the tubule recruitment model; these included

male holothurians of any order, small hermaphroditic or
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Figure 1. The tubule recruitment model as proposed b> Smiley ( 1988) in Parastichopus californicus.

The whole ovary of P. calij'ornicus is shown. The left side of the figure represents the prespawning condition

with mature oocytes in the fecund tubule and earlier oocyte development in the primary and secondary

tubules. The right side shows the post-spawning, or resting-phase. gonad. The fecund tubules are in the

process of resorption. and the primary and secondary tubules are larger preparatory to posterior migration

on the gonad basis. In this model, three cohorts of tubules are present on the gonad basis at any one time.

Diagram reprinted from Smiley and Cloney (1985) with permission.

short-lived holothurians, and species with more than one

spawning per year or with continuous reproduction (e.g.,

polar and deep-sea species: Smiley, 1988; Smiley et a!.,

1991;Smilev. 1994).

Testing

For a species to conform to the tubule recruitment

model it must have gonad tubules that develop in distinct

primary, secondary, and fecund cohorts, with each cohort

of tubules having synchronous development of oocytes.

After spawning, the relict fecund gonad tubules are re-

sorbed. but the primary and secondary tubules persist on

the gonad basis and migrate posteriorly as new primary

tubules are formed. Consequently, the gonad in the rest-

ing stage following spawning must contain primary tu-

bules as well as secondary tubules that will develop into

the fecund tubules for the next reproductive season.

The tubule recruitment model would not apply to sit-

uations in which a single tubule or a single cohort of sim-

ilar-sized tubules is attached to the gonad basis and re-

sorbed partially or totally after the reproductive period.

It would also not apply where immature previtellogenic

and mature vitellogenic oocytes are found in the same

ovarian tubule (overlapping generations of oocytes), be-

cause this would be evidence that the same "container,"

or cohort of tubules, is being used for multiple reproduc-

tive seasons.

Our survey of the published literature is confined to

those papers on holothurian reproduction that describe

in detail the gross morphology of the gonad during the

reproductive period. Weassess the validity of the tubule

recruitment model in two ways. First, we consider stud-

ies in which sufficient information is provided to test for

the distinct gonad morphology required by the model

(i.e.. primary, secondary, and fecund tubules). Second,

we describe the reproductive studies published after 1 988

that explicitly test the tubule recruitment model. Our ex-

amination of those studies, in combination with our own

unpublished observations, leads us to suggest that the ap-

plicability of the tubule recruitment model is relatively

limited in holothurians, even within the family Sticho-

podidae in which it was initially proposed.
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Figure 2. Schematic diagram to show progressive recruitment of tubules in the ovary of Paraslichapus
californium. The gonad morphology is shown for three consecutive years: N, N+l, N+2. In each year the

gonad has three cohorts of tubules ( YGM= year-round gonad morphology), as well as primary germ cells

at the very anterior and the remains of resorhed tubules at the posterior end of the gonad basis. Tubule
cohorts derived from the same primary germ cells are shown with the same pattern (open, hatched, filled,

etc. ). The germ cells of year N migrate on the gonad basis ( M) to become the primary tubules of year N+ 1 .

Oogomal proliferation (P) in this year results in secondary' tubules in Year N+2. Vitellogenesis (V) in the

secondary tubules results in fecund tubules whose gametes are spawned (S) and the empty tubules resorbed

in Year N+ 3. Consequently, the gametogenic process in P. californicus from primary germ cells to spawn-
ing takes 4 years.

Evidence from Gonad Morphology

Order Aspidochirotida

A priori we might expect that the strongest support for

the tubule recruitment model would be found in as-

pidochirote holothurians. considering that the model
was based on Parastichopus californicus (Family Sticho-

podidae). The model can be tested in many aspidochi-
rotes because of reproductive studies prompted by their

importance as beche-de-mer fisheries (Conand and

Byrne, 1993).

In holothurians of the family Stichopodidae (30 spe-

cies; Smiley, 1994) the gonad is present as two tufts of

tubules, one on each side of the dorsal mesentery. Al-

though tubule morphology varies considerably in species

of this family, none of the other species examined are

described as having distinct size classes of tubules on the

gonad basis (Stichopus variegatits Conand, 1993a; S.

mollis Sewell, 1992; Thelenota ananas Conand,

1993a). Variability in the pattern of gonad development
is, however, apparent in species with broad geographical

ranges (S. japonicus Tanaka, 1958; Choe, 1963; S.

mollis Sewell, 1992). In these species there are differ-

ences in the amount of gonad material found during the

resting stage.

Sewell ( 1992) in a study of gonad development of the

temperate Stichopus mollis in NewZealand showed that

the tubule recruitment model may be applicable in only
some populations. Detailed study of a population of 5.

mollis in northern NewZealand found complete resorp-

tion of the gonad after spawning, with no gonad material

present during the winter months (Sewell and Bergquist,

1990; Sewell, 1992). In contrast, 5
1

. mollis from southern

New Zealand retained a large volume of tubules in the

resting period, and the tubules contained developing oo-

cytes (Sewell, 1992). The evidence for progressive re-

cruitment of tubules is, however, equivocal because the

southern population examined was from a greater depth



REPRODUCTIONIN HOLOTHURIANS 21

than the northern one (Sewell, 1992) and the specimens

were preserved and eviscerated, with unattached gonads

(M. A. Sewell, unpub. obs.).

A similar pattern of gonad development with latitude

is observed in the temperate Japanese sea cucumber Sti-

chopus japonicus. A resting-phase gonad with shrunken

tubules observed in S. japonicus at Hokkaido (Tanaka,

1958) was not seen in this species in southern Japan by

Choe (1963). In Atsumi Bay the gonads in S. japonicus

completely disappear after spawning, and a condition

corresponding to the resting stage of Tanaka ( 1958) was

not found (Choe, 1963).

Differences in the resting-phase gonad in distantly sep-

arated populations of 5. japonicus and S. mollis are also

reflected on a smaller scale in two other stichopodids. In

the tropical Stichopus variegatus and Thelenota ananas.

a high variability has been observed in the resting stage

maintained in individual sea cucumbers. After spawn-

ing, the gonad tubules were entirely resorbed, and only

the gonad basis remained in some individuals (C. Con-

and, unpub. obs.). A similar pattern was recently re-

ported in the South African stichopodid Neostichopus

grammatus (Foster and Hodgson, 1995). Although Smi-

ley (1988) considered that to be a species showing pro-

gressive tubule recruitment, Foster and Hodgson ( 1995)

reported that the tubules are either resorbed completely

after spawning or are reduced to a few very short fine

threads.

Almost 50% of the aspidochirote holothurians are

within the Family Holothuriidae (Smiley, 1994). In this

family, gonad tubules are present only on the right side

of the dorsal mesentery. Two species of this family were

considered by Smiley ( 1988) to provide support for the

tubule recruitment model Holothuria parvula (Kille,

1942) and H. nobilis (Conand, 1981). In H. parvula the

ovary has distinct tubule cohorts, with small immature

tubules at the anterior, a distinct cohort of mature tu-

bules, and the resorption of the most posterior tubules

after spawning (Kille, 1942). Evidence for tubule recruit-

ment in //. nobilis is more limited, however, under the

criteria defined earlier. The gonad in this species has one

tuft of tubules; the length and diameter of these tubules

vary during the reproductive cycle, but no tubule cohorts

are described (Conand, 1981).

Cohorts of tubules with differing stages of oocyte de-

velopment have been observed in individuals of the trop-

ical species Holothuria atra (Pearse, 1968); H. leuco-

spilota (Viet Namand Britaev, 1992); H.floridana and

H. mexicana (Engstrom, 1980); and the temperate H.

forskali (Tuwo and Conand, 1992). However, the num-

ber of tubule cohorts varies between species (H. atra 3;

H. leucospilota 2; H.floridana and H. mexicana 2 or

3; H. forskali 5). More importantly for the assessment

of the tubule recruitment model, tubule cohorts are not

consistently seen in all individuals (Pearse, 1968; Eng-

strom, 1980), and in H. leucospilota they are seen in the

summer spawning period but not the spring one (Viet

Namand Britaev, 1992). Furthermore, in studies of Ho-

lothuria species at other locations, many resting-stage in-

dividuals have no gonads (H. lubulosa Coulon, 1994;

H. leucospilota Ong Che, 1990; H. atraChao et ai,

\ 994; C. Conand. unpub. obs. ) or only one tubule cohort

(H. mexicana Hyman. 1955, fig. 64). We, therefore,

conclude that in the genus Holothuria, evidence for the

tubule recruitment model is provided by some individu-

als of selected species, but only at some geographical lo-

cations and some times.

The tropical holothurid Actinopyga shows a pattern

similar to that of the genus Holothuria. The ovary in A.

echinites consists of a single tuft of tubules (Conand,

1982). However, after spawning in A. echinites and A.

mauritiana only a few resting individuals possessed gonad
tubules (Conand, 1993a; C. Conand, unpub. obs.), sug-

gesting that tubule recruitment does not generally occur.

The family Synallactidae comprises 143 species (42%
of the order Aspidochirotida; Smiley, 1994), which are

found at bathyal depths. The hermaphroditic Mesothu-

ria intestinalis. which shows distinct variation in size and

arrangement of male and female gonad tubules (Theel,

1901; Hyman, 1955 fig. 77C), was considered to provide

evidence for the tubule recruitment model (Smiley et at.,

1991). The gonad of a full-grown individual consists of

tufts of sexually differentiated tubules, with male and fe-

male gametes reaching their maturation in different, suc-

cessive tufts (Theel, 1901 ). There is evidence in this spe-

cies for the progressive recruitment of tubules on the go-

nad basis: the youngest tubules at the anterior are

followed posteriorly by tufts of alternating male and fe-

male tubules, and the marks of resorbed tubules from

previous reproductive periods are visible at the most pos-

terior position (Theel, 1901). The female tuft does not,

however, contain cohorts of tubules with oocytes in

different stages of development (Theel, 1901). In terms

of the tubule recruitment model, there is evidence for

progressive recruitment of tubule tufts, but the arrange-

ment of primary, secondary, and fecund female tubules

seen in Parastichopus californicus is lacking.

The gonad structure of the hermaphroditic Paroriza

pallens and P. prouhoi differs from that of other synallac-

tids: the gonad is composed of nodules along a central

tube that connects to the gonoduct (Tyler et ai. 1992).

Each nodule contains oocytes in various stages of devel-

opment; there are no distinct areas with the same oogenic

stage (Tyler et ai. 1992). Amonggonochoric synallactids,

the gonad tubules of female Benthothuria funebris and

Palaepatides grisea show evidence of size variation (P. A.

Tyler, unpub. obs.), but the very distinctive gonad tubules

in Bathyplotes natans do not (Tyler et ai, 1994). In the
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ovaries of Afesothuria verrilli and M. laclea the size of the

tubules is uniform, but in the testis of the latter, the tubule

size varies (P. A. Tyler, unpub. obs.)-

Order Dendrochirotida

The order Dendrochirotida is the most speciose in the

class Holothuroidea, with 553 of the 1427 species (Smi-

ley, 1994). At this point, however, sufficient information

to test the tubule recruitment model is available for a

relatively small number of temperate dendrochirotes.

The only species that shows cohorts of gonad tubules

as predicted by the tubule recruitment model is Sclem-

dactyla (Thyone) briareus (Kille, 1939); although Coe

(1912) did not describe an obvious size differentiation in

the gonad tubules of this species (see Hyman, 1955, fig.

67). There is no evidence for variation in tubule size in

the ovaries of Cucumaria pi and (Herouard. 1889; Hy-
man, 1955, fig. 72B), Cucumaria glacialis (Mortensen,

1894; Hyman, 1955, fig. 76H), or Aslia lefevrei (Cos-

telloe. 1985;TuwoandConand, 1994).

In dendrochirotes for which there have been seasonal

studies of reproduction, there is no evidence for progres-

sive tubule recruitment. In A. lefevrei and Pawsonia sax-

icola, relict gametes are resorbed after spawning, but the

tubules themselves are not (Tuwo and Conand, 1 994). A
similar pattern is observed in Psolns fabridi. which has

new oocytes present in its tubules after spawning (Hamel
el a/., 1993). Although the ovary of P. fabridi has two

sizes of gonad tubules, the large and small tubules are

intermixed within the gonads (Hamel el cil.. 1993). Be-

cause the tubules are not resorbed after spawning, large

tubules become small tubules due to oocyte release (Ha-

mel el ai, 1993). In these species the same tubules, or

"containers," are being used for more than one repro-

ductive season.

Examination of reproduction in the temperate Cucii-

maria frondosa along the Atlantic coast of Canada and

the northern United States showed differing gonad mor-

phology with latitude (Hamel and Mercier. 1996). In

northern latitudes the gonad is divided into two distinct

classes of tubules; south of New Brunswick the tubules

are of a uniform size (Hamel and Mercier, 1996). In the

St. Lawrence estuary, where large and small tubules are

present, the gonad tubules are not resorbed after spawn-

ing. As in Psolus fabridi, the small tubules contain ear-

lier stages of gamete development; mature oocytes are

found in the large tubules (Hamel and Mercier, 1996). In

contrast, at more southern, latitudes the gonad tubules

are in the same stage of development and attain maturity
after a single year (Hamel and Mercier, 1996). Thus, in

Cucumaria frondosa the gonad morphology and pattern

of gametogenesis might be related to differing environ-

mental conditions associated with latitude, rather than

being characteristic of the species throughout its range.

In the hermaphroditic species Cucumaria laevigata,

the developing tubules at the gonad basis are sexually in-

different but become female and release eggs as they

lengthen (Ackermann, 1902; Hyman, 1955). With con-

tinuing growth the remaining female tissue is phagocy-
tosed and the same tubules produce sperm (Hyman,
1955). Thus, the gonad of C. laevigata consists of small

basal undifferentiated tubules, larger female tubules, and

very long male tubules (see Hyman, 1955, fig. 76G).

Again, contrary to the tubule recruitment model, the

same tubules are used for more than one reproductive

period.

Order Dactylochirotida

Although there are 31 species of dactylochirote holo-

thurian (Smiley, 1994), reproduction has been described

in only one species, the lower bathyal Ypsilothuria biten-

laculala (as }'. talismani ). In this species Tyler and Gage
(1983) showed that a cluster of small similar-sized tu-

bules are present throughout the year.

Order Molpadula

The few reproductive studies that have been con-

ducted in molpadid holothurians reveal no evidence of

size cohorts within the gonad tubules. The ovaries ofPar-

acaudina diilensis (Kawamoto, 1927; see Hyman, 1955.

fig. 75) and Molpadia rorelzii (Hatanaka, 1939) consist

of elongated tubules of the same size. In the only dedi-

cated study of gonad morphology, Tyler el at. (1987)

showed that Cherbonniera uiriculus has a gonad with

fewer than 10 small, even-sized tubules.

Order Apodida

The few reproductive studies in the apodids are re-

stricted to species within the family Synaptidae, the ma-

jority being in hermaphroditic species. In the simulta-

neous hermaphrodite Leptosynapta tennis, oocytes and

developing sperm are found in the two branching tu-

bules. In rcproductively active animals the tubules are

extensively branched; after spawning the tubules are

shrunken, with little branching (Green. 1978). Oocytes
are present in these tubules throughout the year (Green,

1978). In the protandric hermaphrodite Leptosynapta

clai'ki. after spawning the relict gametes are resorbed

from the posterior ends of the two gonad tubules (Sewell

and Chia, 1994). Newgametes for the next reproductive

season form in the anterior end of each gonad tubule,

adjacent to the gonad basis (Sewell and Chia, 1 994). The

type of gametes (oocytes or sperm) formed at the gonad
basis is dependent on the previous sex, animal size, and

other undetermined factors (Sewell, 1994).

The simultaneous hermaphrodite Synaptula hydri-
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fonnis similarly shows continued development of ga-

metes within the same gonad tubule (Frick el a/.. 1996).

Gametes of many different stages are found simulta-

neously within the two tubules of the ovotestis, and the

entire tubule is not resorbed after reproduction. Progres-

sive tubule recruitment, therefore, does not occur in this

species (Frick et al., 1996).

In the only study ofagonochoricapodan. Rhahdomol-

gus nihcr. the ovary is an unpaired tubule (Menker,

1970). Tubule growth occurs from the gonad basis, the

youngest eggs being most anterior and the older oocytes

occupying positions at the posterior end ( Menker, 1 970).

Unspawned eggs are resorbed in the posterior part of the

gonad in the autumn and winter (Menker, 1970), sug-

gesting that the same tubule is retained year-round.

Order Elasipoda

There has been considerable research on the gonad

morphology of the deep-sea elasipodid holothurians.

Early studies of the gonads were made from the collec-

tions of the Challenger CTheel 1882, plate XLVI;see Hy-

man, 1955, fig. 76D-F) and Galathea expeditions (Han-

sen, 1975). These data, together with more recent studies

of the families Laetmogonidae (Tyler et al.. 1985b), Dei-

matidae (Tyler and Billett, 1987), Psychropotidae (Tyler

and Billett, 1987), and Elpidiidae (P. A. Tyler, unpub.

obs.), provide no evidence for the progressive recruit-

ment of tubules. In most species the ovarian tubules con-

tain one or more large vitellogenic oocytes, together with

a large number of smaller previtellogenic oocytes. In ad-

dition, because most species probably show continuous

reproduction, the seasonal, synchronous development of

tubules as proposed in the tubule recruitment model is

considered unlikely. The one exception to this pattern is

in species of Peniagone in which there is a progressive

increase in the size of the gonadal tubules from anterior

to posterior (Tyler el al., 1985a).

Conclusions from gonad morphology

Review of the gonad morphology of more than 45 ho-

lothurians suggests that size division and progressive re-

cruitment of gonad tubules in Parastichopus californicus

is the exception, rather than the rule, in holothurian re-

production. Holothurian species may show different pat-

terns of gonad development between individuals and lo-

cations, and the use of the same tubule for oocyte growth

in more than one reproductive period is seen in species

of the orders Dendrochirotida, Apodida, and Elasipoda.

Our conclusions many be challenged on the grounds

that the authors of some of the studies we analyzed may
not have specifically looked for the small primary and

secondary tubules on the gonad basis. We, however,

maintain that when reports of primary or secondary tu-

bules are lacking (either because of true absence or an

incomplete examination of gonad morphology), the ob-

servation of the various stages of oogenesis in the same

tubule "container" is, in itself, sufficient to cast doubt

on the tubule recruitment model. Consequently, from

morphological evidence alone, we question the general

applicability of the tubule recruitment model to describe

reproduction in the class Holothuroidea.

Evidence From Explicit Tests

The tubule recruitment model has been explicitly ad-

dressed in nine holothurian species from three of the six

orders (Table I). These include species from different re-

gimes of depth (shallow water or deep sea) and tempera-

ture (temperate or tropical), and in both gonochoric and

hermaphroditic forms.

In the order Aspidochirotida, support for the tubule

recruitment model is found in only one species (Holo-

thitna forskali), and perhaps in southern New Zealand

populations of Stichopus mollis (Table I). The other

three aspidochirote species studied do not show cohorts

of tubules or the progressive recruitment of tubules dur-

ing ovarian development (Table I).

In Holothuria forskali, the tubules attached to the go-

nad basis can be subdivided into five classes (T,-T 5 ), and

the tubules show progressive recruitment (Tuwo and

Conand, 1992). Although there are some minor differ-

ences in tubule recruitment between H. forskali and Par-

astichopus californicus (e.g., resorption in the T5 tubules

takes several months, and it can also occur in some T.i

and T4 tubules: Tuwo and Conand, 1992), this species

conforms well to the predictions of the tubule recruit-

ment model.

A more problematic species is Stichopus mollis. which

exhibits different patterns of gonad development in pop-

ulations from the North and South Island of New
Zealand (Sewell, 1992). Detailed visual and microscopi-

cal examination of individuals showed the complete re-

sorption of the gonad tubules after spawning in northern

NewZealand; i.e. no tubule recruitment (Sewell. 1992).

Preserved samples sent from the South Island in June

and August had a large mass of resting-phase gonad tu-

bules (Gonad Index for June: 0.00% in North Island.

0. 1 1% in South Island: Sewell, 1992), with the largest tu-

bules containing previtellogenic oocytes (Sewell, 1992).

Examination of the gonad basis for primary and second-

ary tubules was hindered by poor preservation and evis-

ceration of the gonads in most females (M. A. Sewell,

unpub. obs.). Consequently, although we can be certain

that a resting phase gonad is present in southern New
Zealand populations of Stichopus mollis, an explicit test

of the tubule recruitment model for these populations

awaits further research.
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Table I

Slitdia nf hit/ill hurian reproduclii >n puNisl. cd after 1 988 in winch the tubule recruitment model is explicitly tested

Order

Family

Tubule

Seasonality of recruitment

Sex
1

reproduction
2

Habitat
1

Study location model
4

Reference

Aspidochirotida

Stichopodidae .' a\ mollis

Sliclwpus variegatus G A

Thelenoia ananas G A

Holothuriidae Holothuriaforskali G A

Synallactidae Balhyploles naians G C
Dendrochirotida

Psolidae Psolusfabricii G A

Cucumariidae Cuciimana frondosa

Apodida

Synaptidae Leptosynapta clarki PH A

Synaptula hydriformis SH C

S, T, Sub northern New No
Zealand

southern New ?

Zealand

S. Tr, Sub NewCaledonia No

S, Tr. Sub NewCaledonia No

S, T, Sub Brittany, France Yes

D. T, Sub Bahamas No

S, T, Sub St. Lawrence No

Estuary,

Canada

S, T, Sub St. Lawrence No

Estuary,

Canada

S, T, Int Bamfield, Canada No
S. Tr. Sub Florida Kevs No

Sewell(1992)

Sewell(1992)

Conand(1993a);C.

Conand (unpub. obs.)

Conand (1993b);C.

Conand (unpub. obs.)

Tuwo and Conand ( 1 992 )

Tyler rt a/. (1994)

Hamele/a/. (1993)

Hamel and Mercier ( 1 996)

Sewell and Chia( 1994)

Frickrto/. (1996)

1 G =
gonochoric; PH =

protandric hermaphrodite: SH = simultaneous hermaphrodite.
2 A =

1 reproductive period per year; C = continuous reproduction.
3 S = Shallow; D = deep sea; T = temperate; Tr =

tropical; Sub = subtidal; Int = intertidal.

4 No = tubule recruitment model not supported; Yes = tubule recruitment model supported; ? = further research required.

The three other aspidochirotes (Stichopus variegatus,

Thelenota ananas, Bathyplotes natans) do not conform

to the predictions of the tubule recruitment model (Ta-

ble I). The discrepancy may be partly a result of the

difference in gonad morphology from Parastichopus ca-

lifornicus (Fig. 1 ). These species do not have distinct pri-

mary, secondary, and fecund tubule tufts, but instead

have a number of similar-length tubules attached to the

gonad basis. Each tubule is surrounded with clusters of

gonadal saccules, reminiscent of a bunch of grapes (see

Conand, 1993a, fig. 2; Tyler el al.. 1994, fig. 2). In Sti-

chopus variegatus and Thelenota ananas, many individ-

uals have no tubules at all in the resting phase (C. Con-

and, unpub. obs), suggesting that in these individuals all

gonad material is resorbed after spawning. In Ba-

thyplotes natans, individual tubules produce and resorb

oocytes on a nonseasonal basis; the entire tubule is not

resorbed (Tyler?/ al., 1994).

Sea cucumbers in the orders Dendrochirotida and

Apodida also fail to support the tubule recruitment

model (Table I). Although both dendrochirotes have

large and small tubules, the same "container" is used to

make oocytes for the next reproductive season (Hamel el

al., 1993; Hamel and Mercier, 1996). The apodids.

which have only two gonad tubules, similarly use these

containers for more than one reproductive season (Sew-

ell and Chia, 1994; Frick el al., 1996). In both species

different developmental stages of gamete (oocyte in Lep-

tosynapta clarki and oocytes and sperm in Synaptula

hydriformis) are found within each tubule (Sewell and

Chia, 1 994; Frick i</<;/., 1996).

The tubule recruitment model is, therefore, not gener-

ally upheld in those holothurians where gonad morphol-

ogy and development have been critically examined. Of
the nine species annotated in Table I, only one (llololhu-

ria forskali) provides direct support for the tubule re-

cruitment model.

Conclusions and Recommendations for Future Research

The aim of this review has been to assess the applica-

bility of the tubule recruitment model to species from all

orders of the class Holothuroidea, and the validity of this

conceptual model as a general paradigm for ovarian de-

velopment in holothurians. The reproductive studies

considered here show that gonad development varies in

holothurians as a function of taxonomic position, geo-

graphical location, and habitat, and even within individ-
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uals at the same location. Weconclude that the tubule

recruitment model may be appropriate for a number of

species in the aspidochirote families Stichopodidae and

Holothuriidae. However, it is not valid for many other

aspidochirotes and does not have wider applicability

within the holothurians.

The tubule recruitment model may prove to be appli-

cable only to those species that, like Parastichopus calif-

ornicus, have tufted tubular-type gonads. In recent re-

search on species with saccular gonads (e.g., Bathyploles

natans) or without distinct tufts of tubules (e.g., Synap-
titla hydriformis), the authors have questioned the gen-

erality of the tubule recruitment model (Tyler et a/.,

1994; Frick el ai, 1996). The pattern of ovarian develop-

ment in Parastichopus californicus, with synchronous

development of all gametes in discrete subsets of the go-

nad tubules, is apparently not the rule for holothuroid

oogenesisf Frick et al, 1996).

It is apparent from our review that the tubule recruit-

ment model can be applied only to a small subset of ho-

lothurians, specifically those in the families Stichopodi-

dae and Holothuriidae that resemble Parastichopus ca-

lifornicus in gonad morphology. The tubule recruitment

model is useful for such animals and can serve to focus

attention on details of gametogenesis such as ultrastruc-

ture and physiological control. Nevertheless, it is also im-

portant to acknowledge and carefully study the gonads
of species that do not fit the predictions of the tubule

recruitment model. This will lead to a belter understand-

ing of the various mechanisms underlying the wide di-

versity of gametogenic processes that are found in the

class Holothuroidea.
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